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Final Repon 

Under NAGS-490, we carried out a search in the HEAO A-1 Data Base (located at 

the Naval Research Laboratory in Washington, D.C.) for evidence of rapidly-rotating 

neutron stars that could be sources of coherent gravitational radiation. This search required 

developing a new data analysis algorithm that is described in the attached preprint 

(Appendix I). The algorithm was applied to data from observations of Cyg X-2, Cyg X-3 

and 1820-30. Upper limits on pulsed fraction were derived and reported. 

Final ReDort o f Inventions and Subco ntracts 

There were no inventions or subcontracts under grant NAG8-490. 



APPENDIX I 



MILLISECOND X-RAY BINARY PULSARS 

IC. S. Wood(l), J. P. N o r r i s ( l ) ,  P.  H e r t z ( l ) ,  
P .  F. Michelson(2)  

(1) Naval Research Laboratory, Washington DC 20375, USA 
( 2 )  S tan fo rd  Universi ty ,  Stanford,  C a l i f o r n i a  9 4 3 0 5 ,  USA 

ABSTRACT. Mil l isecond b i n a r y  X-ray p u l s a r s  a r e  expected 
t h e o r e t i c a l l y ,  bu t  remain undetected. We desc r ibe  a novel  s e a r c h  
t echn ique  which a p p l i e s  a g r i d  of quadra t i c  t i m e  t r ans fo rma t ions  t o  
e f f e c t  coherence recovery of smeared p u l s a r  s i g n a l s .  We p r e s e n t  
upper limits on pu l sed  f l u x e s  f r o m t h e  b ina ry  X-ray systems Cyg X-2, 
Cyg X-8,  and 1 8 2 0 - 3 0 ,  and d i s c u s  how t o  improve f u t u r e  sea rches .  

1. Coherence Recovery by Quadrat ic  T i m e  Transformations 

W e  begin by assuming a p u l s a r  with t h e  fol lowing p r o p e r t i e s :  
P = p u l s e  pe r iod  = 1 - 100 mil l iseconds;  f = pulsed f r a c t i o n  = 
t o  
systems of i n t e r e s t  are thought t o  have dimensions o f  I t - s e c  and 
o r b i t a l  pe r iods  of a few hours.  We f i r s t  ask how t o  s e a r c h  
e f f e c t i v e l y  f o r  such s i g n a l s .  The prime requirement f o r  d e t e c t i o n  i s  
p r e s e r v a t i o n  of phase information f o r  large numbers of photons,  
s e v e r a l  b i l l i o n ,  i n  f a c t ,  i f  f ( While t h e  long t i m e s c a l e  f o r  
i n t r i n s i c  change i n  P is  favorable ,  o r b i t a l  motions of t h e  sou rce  
i n t r o d u c e  a frequency modulation (FM) t h a t  poses a s u b s t a n t i a l  
impediment t o  d e t e c t i o n .  

t’ = t + c-ID(t) .  Here, t is the  time a t  which t h e  observer  vould 
r e c e i v e  a p a r t i c u l a r  p u l s e  i n  the  absence of source motions; t’ is  
t h e  t ime a t  which i t  a c t u a l l y  i s  received. The goal  is recovery of t 
given t ’ ,  ar,d t h e  problem is  t h a t  t h e  c o r r e c t i o n s  a r e  not  knovn t o  
t h e  p r e c i s i o n  r equ i r ed  f o r  adequate p re se rva t ion  of coherence. D ( t )  
can be r ep resen ted  as A*sin(f l t  + #),  neg lec t ing  o r b i t a l  e c c e n t r i c i t y ,  
where A is t h e  p r o j e c t e d  o r b i t a l  semimajor a x i s ,  i n  l i g h t  seconds. 
The obvious procedure i n  t h e  absence of information about A,  0, and # 
is a b r u t e  f o r c e ,  3-dimensional search of a l l  r e a l i s t i c  b i n a r y  
o r b i t s .  

i n t e g r a t i o n  t i m e s  s u b s t a n t i a l l y  less  t han  a f u l l  o r b i t  and t o  

r = P / ( d P / d t )  = lo7 - 1O1O seconds. I n  a d d i t i o n ,  t h e  b i n a r y  

To analyze t h e  frequency modulation q u a n t i t a t i v e l y ,  cons ide r  

Such a procedure would r e s t o r e  a p e r f e c t l y  coherent  pe r iod .  
Another approach, r e q u i r i n g  l e s s  computational power, is t o  u s e  



approximate t h e  t r u e  s inuso ida l  c o r r e c t i o n  us ing  a quadra t ic  t i m e  
t r ans fo rma t ion .  This reduces t h e  3-D g r i d  of s inusoid  2arameters  t o  
a 1 - D  g r i d  which is of approximately uniform s e n s i t i v i t y  over  t h e  
e n t i r e  o r b i t a l  cyc le ,  a l l  parameters of  which a r e  presumed t o  be  
unknown except  f o r  l i m i t i n g  extreme va lues .  Thus recons t ruc t ion  is 
accomplished using 
by a v a l u e  t h a t  is ca lcu lab le  f r o m t h e  i n t e g r a t i o n  tin and t h e  
minimum pe r iod  t o  be searched. The procedure works bes t  i f  t h e  
sought pu lsed  s i g n a l  is a s inusoid .  For each d i s t i n c z  a va lue ,  t h e  
s e a r c h  reduces t o  a s tandard  f a s t  Four ie r  t ransform,  the  s e n s i t i v i t y  
of which can  be computed according t o  t h e  formulae of Leahy pf; al. 
(1983) .  Expectat ion values  also need t o  be ad jus ted  for  t h e  number 
of independent searches  conducted, i . e . ,  e s s e n t i a l l y  n d t i p l i c a t i o n  
by the number of d i s t i n c t  a values .  
desc r ibed  previous ly  i n  Norr is  and Wood (1987).  We r e f e r  t o  it as 
coherence recovery ( C R ) .  F igure  1 i l l u s t r a t e s  a s imulat ion of  the 
CR technique .  

Opt imiza t ion  proceeds as follows: one f i r s t  d e t e r d n e s  t h e  
p l a u s i b l e  range of a, which may be cons t r a ined  by some knowledge of 
l i k e l y  o r b i t s .  I t  is then  stepped over  t h i s  range i n  increments 
Aa = P/(2T2) bd-iere T is i n t eg ra t ion  t i m e  of t h e  sample. 
p r a c t i c a l  l i m i t  on T may come from computation c o s t  or from a more 
b a s i c  cons ide ra t ion ,  the po in t  a t  which t h e  quadra t i c  approximation 
becomes i n v a l i d .  For a sample of N p o i n t s ,  t h e  computation c o s t  
c o n s i d e r a t i o n  i s  t h a t  t h e  number of f l o p s  ( f l o a t i n g  point  o p e r a t i o n s )  
needed s c a l e s  a s  N*log2(N) X (alAa), which is  propor t iona l  t o  
P'lT310g2(T). 
( a r e a  x t i m e l l l i ,  is s c a l i n g  approximately as ( f l o p s ) l / 6 ] .  As an  
example, the  search f o r  a 1 m s  
w i l l  c a l l  for FFTs of l eng th  10 E data p o i n t s ,  each taking on the  
o r d e r  of  l o7  f lops .  
of a few hundred, so t h a t  t h e  cos t  is about 1O1O f lops  f o r  one d a t a  
segment from one source.  

approximation technique,  but  o f t en  are a few thousand seconds and 
sometimes only  a few hundred. There are va r ious  ways t o  achieve  

t = t '  + a ( t 1 ) 2 .  The parameter a uust be s t epped  

This  procedure has been 

The 

Thus s i g n a l  t o  noise  achievable ,  which scales as 

u l s a r  i n  an i n t e g r a t i o n  of T = lo3 s 

The number of FFTs requi red  w i l l  be on the o r d e r  

I n t e g r a t i o n  t imes are l i m i t e d  by r e s t r i c t i o n s  on the  q u a d r a t i c  
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Fig .  1. A s imula t ion  of CR. A 
coherent  s i g n a l  has Seen modulated 
s i n u s o i d a l l y ,  simu1a:ing FM from an 
orbit. Quadrat ic  CB is a p p l i e d  t o  
recover  t h e  s i g n a l .  The lower frame 
shows b e s t  recovered. s i g n a l  u s i n g  
t h e  optimum a ,  whic:? recovers  90% 
of t h e  a c t u a l  power, with the loss 
r ep resen t ing  p r i c e  of t h e  q u a d r a t i c  
approximation t o  t h e  t r u e  o r b i t .  
Such s imula t ions  have been used t o  

FREQUENCY CHaNNELS v a l i d a t e  t h e  CR method i n  d e t a i l .  



s t i l l  longer  i n t e g r a t i o n s ,  a l l  involving something more n e a r l y  l i k e  
t h e  3-D parameter  s ea rch  described above, hence t h e i r  computat ional  
c o s t  grows d r a s t i c a l l y .  Pulsed f r ac t ions  less t h a n  0.01 a r e  o f t e n  
achievable  w i t h  methods used here ;  f = 0.001 has  not  been reached. 

f o r  improving CR s e n s i t i v i t y .  The f i r s t  is t o  use whatever knowledge 
of  t h e  o r b i t  is ava i l ab le :  t h i s  method is t a i l o r e d  t o  t h e  source  ( s e e  
d i scuss ion  of 1820-30, below), but it has cons ide rab le  p o t e n t i a l .  
The second i s  t o  inc rease  co l lec t ing  ape r tu re  by a l a r g e  f a c t o r .  

Note t h a t  i n  unfavorable  s i t u a t i o n s ,  even a f t e r  C 2  has been 
appl ied ,  cons ide rab le  power may still be smeared over  s e v e r a l  
channels.  A l i m i t e d  improvement i n  s igna l - to -no i se  may then  be 
obtained by u s i n g  incoherent  techniques a s  a pos t -process .  

We now t u r n  t o  s p e c i f i c  examples, Cyg X-2, Cyg X-3, and 1820-30, 
i n  which CR has  been appl ied ,  using d a t a  obta ined  from HEAO A-1 .  
The HEAO A-1 p r o p o r t i o n a l  counters had t h i n  windows L*ich provided a 
photon y i e l d  p e r  cm2 roughly double t h a t  ob ta ined  from t h e s e  sources  
us ing  d e t e c t o r s  w i t h  beryl l ium windows (Wood d. 1984). Routine 
HEAO A-1 t e l eme t ry  modes l imi ted  r e so lu t ion  t o  5 m s .  Occasional  
128kbps t e l eme t ry  allowed reso lu t ion  less than  1 m s .  

Beyond a one-parameter quadrat ic  approximation l i e  two recourses  

Cyg X-2 g ives  us near ly  the  standard form of t h e  C 8  problem 
ou t l ined  above, except  t h a t  t h e  o rb i t  i s  not t o t a l l y  unknown. Its 
rad ius  is  thought  t o  b e  l e s s  than 60 It-sec and t h e  o r b i t a l  pe r iod  is  
10 days. There are 3 h r  of HEAO d a t a ,  wi th  gaps,  a t  a r e s o l u t i o n  

of 5 ms. 5 X lo5 p t s  have been used 
and t h e  search c o s t  is  
f r a c t i o n  is 0.005 (P > 10 m s ) ,  a t  98% confidence.  These are t h e  d a t a  
i n  which N 5 Hz QPO a c t i v i t y  has been repor ted ;  a broad 50 Hz f e a t u r e  
is  a l s o  s e e n  (Nor r i s  and Wood 1987). 
are allowed here us ing  CR. 
d a t a  gaps set  p r a c t i c a l  limits on i n t e g r a t i o n  t i m e .  

For p u l s a r  searches,  samples of 
3 X 108 flops.  The upper l i m i t  on pulsed  

I n t e g r a t i o n s  up t o  2 X lo4 s 
Computation c o s t s  and t h e  l eng ths  of t h e  

- 
The o r b i t a l  pe r iod  f o r  Cyg X-3 is we l l  determined (4.8 hr)  and 

the o r b i t a l  r a d i u s  is thought t o  be less than  8 It-sec. There a r e  4 
hr of HEAO d a t a ,  w i th  gaps, a t  5 m s  r e s o l u t i o n ,  supplernented by s h o r t  
s t r e t c h e s  of 128kbps d a t a  t h a t  have been re-binned t o  a r e s o l u t i o n  o f  
0.3 ms. Applying t h e  s tandard procedure produces t h e  upper l i m i t s  
f < 0.018 ( P  > 10 m s )  and f < 0.065 (P ) 0.6 m s ) ,  bo th  a t  987. 
confidence.  Supplementary searches were a l s o  conducted f o r  per iods  
near  12 m s ,  because of a reported period i n  u l t r a - h i g h  energy gamma 
rays (Chadwick d. 1985). In tegra t ions  f o r  t h e  Cyg X-3 case were 
near  t h e  l i m i t  (*  103 s) allowed by t h e  q u a d r a t i c  approximation. 

1820-30 
This sou rce  d e p a r t s  r a d i c a l l y  from t h e  "s tandard  form", because 

I t  is so s h o r t  t h a t  t h e  usua l  
of t h e  r ecen t  d i scovery  of a 685 s period ( S t e l l a  1987), probably t h e  
o r b i t a l  pe r iod  of  an unusual system. 



quadra t i c  CR procedure is unap t ,  being l imi ted  t o  very s h o r t  
i n t e g r a t i o n s .  The r ad ius  of t h e  neutron s t a r ' s  o r b i t  is small bu t  
i ts  v e l o c i t y  is high. The b e s t  search is a t r i a l  g r i d  of s inuoso ids  
r e s t r i c t e d  by knowledge of o r b i t a l  parameters (phase accuracy of - 52 
and a p r e c i s e l y  known o r b i t a l  per iod) .  The a s s u q t i o n  made is t h a t  
t h e  o r b i t a l  rad ius  is less than  0.32 I t - s e c ,  equiva len t  t o  assuming a 
conrpanion mass of 0.11 M, o r  less. 
l imi t ed .  F o r  2 X l o 9  f l o p s  (960 t r ia l s )  the  l i m i t  i s  f < 0.009, f o r  
P > 10 ms. A complementary search  was a l s o  undertaken assuming t h a t  
685 s is not t h e  o r b i t a l  per iod .  Then a limit or' f < 0.006, f o r  P > 
10 ms and o r b i t a l  per iods  g r e a t e r  than  8 h r ,  is obtained. 

The search  is computation- 

2. Discussion 

Coherence recovery permi ts  i n t eg ra t ion  t i m e s  of l o 3  - l o4  s 
t o  be u t i l i z e d  i n  pu l sa r  search ing  on systems wi th  poorly-determined 
o r  unknown o r b i t a l  parameters.  The i d e a l  u t i l i z a t i o n  of CR is  i n  
conjunct ion with a very l a r g e  c o l l e c t i n g  aper ture .  We have elsewhere 
proposed t h e  cons t ruc t ion  o f  a 100 m2 a r r ay ,  c a l l e d  XLA, on t h e  NASA 
Space S t a t i o n  (Wood fi d. 1985, 1986). Such a f a c i l i t y  would permi t  
p u l s a t i o n s  t o  be de tec ted  a t  f < 
Not only  a r e  mi l l i second s p i n s  becoming a c e n t r a l  i s s u e  i n  the 
understanding of b inary  X-ray sources ,  t h e r e  a r e  s i g n i f i c a n t  l i n k s  t o  
g r a v i t a t i o n a l  physics.  I n  p a r t i c u l a r ,  Wagoner (1984) has  presented  a 
scena r io  whereby a neutron s t a r  can be spun up u n t i l  it becomes 
s u b j e c t  t o  g r a v i t a t i o n a l  r a d i a t i o n  r e a c t i o n  i n s t a b i l i t i e s .  
becomes simultaneously a p u l s a r  i n  X-rays and g r a v i t a t i o n a l  waves. 
The s e n s i t i v i t i e s  a t t a i n a b l e  f o r  pe r iod ic  s i g n a l s  wi th  a v a i l a b l e  
g r a v i t y  wave de tec to r  des igns  a r e  g r e a t e s t  f o r  narrow-band d e t e c t o r s  
tuned t o  a known frequency. The required program i s  t o  f i n d  t h e  
s i g n a l  i n  X-rays and then  b u i l d  a s p e c i a l  g r a v i t y  wave antenna  tuned 
t o  t h a t  frequency. The techniques presented he re  for f i n d i n g  
frequency-modulated s inuso ids  then have analogs i n  t h e  p rocess ing  of  
t h e  frequency-modulated s inuso ida l  g r a v i t y  wave s i g n a l s  as w e l l .  

I t  is extremely important  f o r  such a program t o  be pursued. 

It then  

This work was supported by NASA and t h e  Off ice  of Naval Research. 
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